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ABSTRACT 

Transcription and mRNA export are linked 
processes. However, the molecular mechanisms of 
this coordination are not clear. Sus1 (hENY2) partici- 
pates in this coordination as part of two protein 
complexes: SAGA, a transcriptional co-activator; 
TREX-2, which functions in mRNA biogenesis and 
export. Here, we investigate the coordinated action 
of SAGA and TREX-2 required for gene expression. 
We demonstrate that TREX-2 subunit Semi also 
participates in transcription activation. Like Sus1, 
Semi is required for the induction of ARG1 
and GAL1, these being SAGA-regulated genes. 
Chromatin immunoprecipitations show that proper 
recruitment of certain SAGA subunits to the GAL1 
promoter depends on Semi. Notably, both in vivo 
and in vitro analyses reveal that Semi influences 
SAGA-dependent histone H2B deubiquitylation. 
Most of these phenotypes are also found to 
depend on another TREX-2 subunit, Thp1. These 
results unveil a new role for Semi in the activation 
of the SAGA-dependent gene GAL1 and influencing 
H2B deubiquitylation. Our work provides insights 
into a novel functional relationship between Semi 
and the SAGA complex. 

INTRODUCTION 

Gene expression is a complicated multistep process that is 
essential for all cells. The synthesis and transport of mes- 
senger RNA from the transcription site to the translation 
site in the cytoplasm involves many interconnected steps, 
including transcription, mRNA processing and export. A 
major focal point in the field has been to uncover the 
functional links among the different steps of the gene 



expression pathway (1-4). Great progress has been made 
to identify the factors coordinating this functional 
coupling, and they have provided a solid base to investi- 
gate the molecular mechanisms controlling this process 
(5-8). 

Early analyses suggested a role for NPC (nuclear pore 
complex) in promoting gene expression by means of a 
gene-to-pore recruitment mechanism (9). Current studies 
support this view by showing that specific loci are targeted 
to the vicinity of NPCs on activation (10). One example of 
an inducible gene regulated by this mechanism is GAL1, 
the gene that encodes galactokinase, which has served as a 
model for many in-depth studies into transcription regu- 
lation (11,12). GAL1 is a SAGA-dependent gene recruited 
to the nuclear periphery on induction, and this depends on 
the coordinated action of the SAGA and TREX-2 
complexes (13). SAGA (Spt-Ada-Gcn5-acetyltransferase) 
is a histone-modifier complex that binds to its target pro- 
moters facilitating transcriptional activation via histone 
acetylation and/or deubiquitylation (14,15). TREX-2 
(transcription and export complex-2) is an NPC- 
associated complex, which plays roles in mRNA biogen- 
esis and export (16). An intriguing aspect is that SAGA 
and TREX-2 share a component, the conserved 
small protein Susl, which links transcription to mRNA 
export (7). 

One model, which has emerged from several studies, 
proposes that a cascade of events is functionally and spa- 
tially linked through the action of overlapping factors 
along the gene expression pathway (10,17-19). In this 
cascade, the gene might be recruited to the NPC, which 
subsequent SAGA recruitment would strengthen this 
interaction via Susl and other SAGA/TREX-2 factors 
(10,17). Several reports, including structural studies, 
have shed light on TREX-2 and SAGA coordination, 
but the precise mechanism remains uncertain (18,20-22). 

Susl is required for the SAGA-dependent histone H2B 
deubiquitylation of its target genes (20,23). Along these 
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lines, it has been well established that H2B ubiquitylation 
increases early on during GAL1 activation to then decrease, 
which triggers full GAL1 induction (24-27). As Susl par- 
ticipates in this process, it is conceivable that the histone 
H2B deubiquitylation of GAL1 promoter is regulated by 
the coordinated action of TREX-2 and SAGA. 

Here, we show that Semi plays a role in SAGA recruit- 
ment, and in its dependent H2B deubiquitylation. The 
results show that the TREX-2 subunit Semi is a crucial 
factor to maintain the functional linkage between SAGA 
and TREX-2. Semi affects TREX-2 stability and is neces- 
sary for transcription of SAGA-dependent genes GAL1 
and ARG1. In the absence of Semi, some SAGA factors 
are not efficiently recruited to the GAL1 promoter. 
Moreover, SAGA-mediated DUB activity is enhanced 
by Semi. Strikingly, lack of TREX-2 subunit Thpl, 
which directly binds to Semi, also prevents in vitro 
SAGA-mediated deubiquitylation activity. 

MATERIALS AND METHODS 

Yeast strains, DNA recombinant work and microbiological 
techniques 

The yeast strains used in this study are listed in 
Supplementary Table SI, along with the quantitative poly- 
merase chain reaction (qPCR) primers and antibodies 
(Supplementary Tables S2 and S3). Microbiological tech- 
niques and yeast plasmid transformation were essentially 
done as described previously (7). The chromosomal inte- 
gration of TAP (URA3 marker), MYC (HIS3 marker) and 
C-terminal tags was performed as previously described 
(28,29). For gene disruptions, the indicated gene was 
deleted by high-efficiency transformation using a PCR 
product amplified from either the KanMX4 plasmid 
pRS400 or the HIS3 plasmid pFA6a. All the deletions 
and genomically tagged strains were confirmed by PCR 
analysis and/or western blot analysis. Strains were grown 
under standard conditions. For the growth analysis, yeast 
cells were diluted to 0.5 OD 600 , and serial dilutions (1:10) 
were spotted onto YP + glucose and incubated at various 
temperatures. 

TAP purifications, immunoprecipitations and western 
blot analysis 

Purification of Susl -tandem affinity purification (TAP), 
Ada2-TAP and Ubp8-TAP in wild-type (BY4741) and 
mutant strains was performed as previously described 
(7). TAP fusion proteins and associated proteins were re- 
covered from cell extracts by affinity selection in an IgG 
matrix. After washing, the Tobacco Etch Virus (TEV) 
protease was added to release the bound material. The 
eluate was incubated with calmodulin-coated beads in 
the presence of calcium. This second affinity step was 
required to remove not only the TEV protease but also 
traces of contaminants remaining after first affinity selec- 
tion. After washing, the bound material was released 
with ethylene glycol tetraacetic acid (EGTA). This 
enriched fraction was called calmoduline eluate. The 
calmoduline eluates from the TAP-purified complexes 
were analyzed by sodium dodecyl sulfate-polyacrylamide 



gel electrophoresis (SDS-PAGE). The western analysis of 
calmoduline eluates was performed using anti-MYC, anti- 
Semi polyclonal or anti-TAP according to standard 
procedures. 

To analyze the TAP-purified protein complexes, 
trichloroacetic acid (TCA)-precipitation, LysC/trypsin 
digestion and multidimensional protein identification 
technology (MudPIT) analyses by mass spectrometry 
were performed as described elsewhere (30). The 
immunoprecipitation of Susl -MYC, Ubp8-TAP and 
Ada2-TAP in wild-type and mutants was performed as 
follows: 50 ml of yeast cultures were grown on rich 
medium to a 0.5 OD 600 . Cells were harvested, washed 
with water and resuspended in 250 |il of lysis buffer 
[50 mM HEPES-KOH at pH 7.5, 140 mM NaCl, ImM 
ethylenediamine tetraacetic acid (EDTA), 10% glycerol, 
0.5% NP-40, ImM PMSF and protease inhibitors]. An 
equal volume of glass beads was added. Breakage was 
achieved by four pulses of vortexing at 4°C lasting 
1 min. The clarified extracts were immunoprecipitated 
for 60 min at 4°C using anti-MYC antibodies or IgG 
Sepharose six Fast Flow resin (GE Healthcare). 
Immunoprecipitates were washed three times with 1 ml 
of lysis buffer for 10 min and were subsequently resus- 
pended in 50|il of SDS-PAGE sample buffer. Western 
analysis was performed using anti-MYC, anti-Semi and 
anti-TAP according to standard procedures. 

Yeast whole-cell extracts (WCEs) were prepared as 
described elsewhere. Typically, 7 |il of WCE were loaded 
on SDS-PAGE gels. After electrophoresis and transfer to 
nitrocellulose membranes, samples were subjected to 
immunoblot analyses using procedures and detection 
reagents from ECL Amersham®. 

Chromatin immunoprecipitation and double chromatin 
immunoprecipitation 

Chromatin immunoprecipitation (ChIP) and chromatin 
double immunoprecipitation (ChDIP) were performed as 
formerly described (31,32) using 100 ml (ChDIP) or 
50 ml (ChIP) of early-log-phase cultures grown in 
YP + glucose (repressing), YP + raffinose (de-repressing) 
or YP + galactose (inducing) for inductions of 25 (ChIP) 
or 90 min (ChDIP). Cultures were cross-linked with 1% of 
formaldehyde solution (Sigma) for 20 min at room tem- 
perature with intermittent shaking and were then 
quenched with 125mM glycine. Cells were collected by 
centrifugation and washed four times with 25 ml cold 
Tris-saline buffer (150mM NaCl and 20 mM Tris-HCl 
at pH 7.5). Cell breakage was performed in 300 ml of 
lysis buffer (50 mM HEPES-KOH at pH 7.5, 140 mM 
NaCl, ImM EDTA, 10% glycerol, 0.5% Tergitol-type 
NP-40 (NP-40), ImM phenylmethanesulfonylfluoride or 
phenylmethylsulfonyl fluoride (PMSF) and protease in- 
hibitors) with glass beads, and cell extracts were sonicated 
in a Bioruptor sonicator (Diagenode) for 30 min in 30 s 
on/30 s off cycles (chromatin was sheared into an 
average size of 300 bp). Ten microliters of extract was 
reserved as the input. The rest was used for immunopre- 
cipitation with magnetic beads (Dynabeads©) coated with 
polyclonal goat anti-mouse IgG antibodies and was 
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incubated O/N with 2.5 ul of mouse oc-MYC antibodies 
(Susl-MYC, Gcn5-MYC, Ada2-MYC, Spt8-MYC and 
Taf9-MYC in wild-type and mutants), or with magnetic 
beads coated with monoclonal human anti-mouse IgG 
antibodies (Rpb3-TAP) or by adding 90|il of M2 
agarose slurry (Sigma A2220; pre-washed three times in 
1 ml of 125 mM glycine and equilibrated in lysis buffer for 
60min at 4°C) to extracts (wild-type and mutant semi A). 
Immunoprecipitations were conducted overnight at 4°C, 
and the immune complexes were washed twice with lysis 
buffer, twice with lysis buffer supplemented with 360 mM 
NaCl, twice with wash buffer (10 mM Tris-HCl at pH 8.0, 
250 mM LiCl, 0.5% NP-40, 125 mg of nadeoxycholol and 
ImM EDTA) and once with TE lx. For ChDIP, Flag- 
H2B was eluted with 25|il of 3x Flag peptide (Sigma 
F4799; 4mg/ml of stock concentration) and incubated 
overnight at 4°C. Twenty microliters was separated as 
the input, and a second purification of Flag-H2B pool 
was performed using 2.5 |il of the anti-hyaluronic acid 
(HA) antibody (Roche 12CA5, 5mg/ml), previously 
incubated with 50 |il of magnetic beads coated with poly- 
clonal goat anti-mouse IgG antibodies (pre-washed three 
times in 1 ml of phosphate-buffered saline-bovine serum 
albumin and resuspended in 47.5 |il) and shaken overnight 
at 4°C. Immunoprecipitation was washed as previously 
described, and samples were eluted at 65°C for 15min 
with 100 jal of elution buffer (50 mM Tris-HCl at pH 8, 
lOmM EDTA and 1% SDS). Inputs and immunopre- 
cipitation (IP) samples were incubated overnight at 65° C 
to reverse the cross-link. Samples were then treated with 
proteinase K (Ambion), at 100 |ig/250 |il of chromatin for 
2h, and DNA was extracted twice with phenol:chloro- 
form:isoamyl alcohol (25:24:1) and once with chloro- 
form:isoamyl alcohol (24:1), ethanol precipitated and 
was resuspended in 40 ul TE. DNA was used for the 
qPCR reaction by using the appropriate primers listed in 
Supplementary Table S2. In all cases, at least three biolo- 
gical replicates were performed to obtain the standard 
errors of each experiment. 

RNA isolation reverse transcriptase-PCR 
quantitative PCR 

Total RNA was harvested from the yeast early- 
log-phase cultures grown in YP + glucose (repressing), 
YP + raffinose (de-repressing) or YP + galactose 
(inducing) by phenol/chloroform extraction (33). RNA 
was quantified, and quality was checked using 
Nanodrop®. The reverse transcriptase (RT)-PCR 
analysis was performed using 1 jig of total RNA. After 
DNase-I treatment, RNAs were purified by phenol/chloro- 
form extraction. Reverse transcription was performed by 
following standard procedures with random hexamers and 
M-MLV reverse transcriptase (Invitrogen®). 

Specific pairs of primers were used to amplify the qRT- 
PCR products of transcripts SCR1 or GAL1 using 3 |il of 
cDNA as a template (previously diluted at 1/10). For 
qPCR, SYBR® Green qPCR MM no ROX (Fermentas) 
was used in 10|il of the final volume. Each sample was 
analyzed in triplicate, and qPCR was performed in a 
LightCycler® Roche 480. An activation step of lOmin at 



95°C, followed by 40 cycles of 10 s at 94°C, 15 s at 57°C 
and 15 s at 72°C, was used for the GAL1 Open Reading 
Frame (ORF), ARG1 Promoter (PR) and SCR1 primer 
pairs. For the GAL1 PR pair, the Tm was set at 57°C. 
Real-time PCR amplification efficiency was calculated 
from the given slopes in the LightCycler® Roche 480. 
All the calculations were done by taking into account 
the real primer efficiencies. See Supplementary Table S2 
for a list of these primers. The GAL1 and ARG1 mRNA 
fold-change (FC) levels were normalized to the reference 
gene SCR1 and were expressed in relation to the transcript 
level for each strain at the zero time point, defined as 1.0 
(34,35). The ChDIP data were calculated as the signal 
ratio of IP samples in relation to the input signal minus 
the H2BK123R and H2BK123R semlA mutant strain 
signal, set as a background control. The ChIP data were 
calculated as the signal ratio of IP samples in relation to 
the input signal minus the background of a no-antibody 
control. For the H3K79me3 signal, normalization was 
done in relation to total histone H3 levels. In all cases, 
at least three biological replicates were performed to 
obtain the standard errors of each experiment. 

In vitro deubiquitylation assay 

The Flag-tagged H2B substrate (containing ubH2B and 
unmodified H2B) was obtained by purifying N-terminally 
Flag-tagged histone H2B using an M2 agarose slurry 
(Sigma A2220). This substrate was quantified, and equal 
amounts (500 ng) were divided and incubated at room 
temperature for 30min in deubiquitylation (DUB) buffer 
(100 mM Tris-HCl at pH 8.0, 1 mM EDTA, 1 mM DTT, 
5% glycerol, 1 jiM PMSF and 1% protease inhibitor) with 
the calmoduline eluate of each purification (Susl-TAP and 
Ubp8-TAP) from wild-type (BY4741) and mutant strains 
(see Supplementary Figure S3 A for the description of the 
experimental set-up). As a negative control, histone H2B 
was incubated solely in DUB buffer (which corresponds 
with the input of the assay) or with the calmoduline 
eluates of the Susl-TAP sgf73A mutant, where the DUB 
activity associated with SAGA was impaired. The reaction 
was stopped by freezing on dry ice, followed by boiling in 
1 volume of 2x SDS sample buffer for 2min and running 
in a 15% SDS-PAGE gel. Gels were transferred to nitro- 
cellulose, and a western blot analysis was performed using 
anti-HA antibodies to detect ubiquitin. The detection 
with this antibody allows us to identify specifically 
ubiquitylated histone H2B species, which makes possible 
accurate band quantification in each strain. Using anti- 
Flag antibodies allows us to identify all histone H2B 
species, taking into account that ubiquitylated histone 
H2B exists in low amounts within the cell; this is not a 
truthful method for ubH2B quantification (36). In all 
cases, at least three biological replicates were performed 
to obtain the standard errors of each experiment. 

Fluorescence in situ hybridization 

Fluorescence in situ hybridization against poly(A) + RNA 
was done by growing yeast cells in 50 ml of YP + glucose 
medium at 30°C or 37°C at 0.5 OD 600 . Cells were imme- 
diately fixed by adding 10% of formaldehyde for 60min 
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at room temperature. The fixative was removed by two 
rounds of centrifugation and was washed with 0.1 M po- 
tassium phosphate (pH 6.4). Cells were resuspended in ice- 
cold washing buffer (1.2 M sorbitol and 0.1 M potassium 
phosphate, pH 6.4), and, subsequently, the cell wall was 
digested with 0.5mg/ml of zymolyase 100 T, whereas 
samples were applied on poly-L-ly sine-coated slide wells. 
Non-adhering cells were removed by aspiration, cells were 
rehydrated with 2x SSC (0.15M NaCl and 0.015 M 
sodium citrate) and were hybridized overnight at 37°C in 
20 ul of pre-hybridization buffer (formamide 50%, 
dextran sulfate 10%, 125ug/ml of Escherichia coli 
tRNA, 4x SSC, lx Denhardt's solution and 500 ug/ml 
of herring sperm DNA) with 0.8pmol of Cy3-end-labeled 
oligo(dT) in a humid chamber. After hybridization, slides 
were washed with 1 x SSC at room temperature, air-dried 
and mounted using VECTASHIELD® Mounting 
Medium with DAPI. Cy3-oligo(dT) was detected under 
a Leica DM600B fluorescence microscope. In all cases, 
at least three biological replicates were performed to 
obtain the standard errors of each experiment. 

Image analysis 

The nuclear/cytoplasmic ratio of fluorescence intensity was 
quantified using the Image J public domain Java image pro- 
cessing program (http://rsb.info.nih.gov/ij/download.htm). 
To determine the poly(A) + RNA retention phenotype, the 
fluorescence intensity of the nucleus and cytoplasm in 
the wild-type and mutant strains images was measured, 
and the ratio was calculated by dividing the average 
nuclear intensity by the average cytoplasmic intensity. 
Data were then normalized to the mex67-5 control sample 
set as 100% of poly(A) + RNA retention. A minimum of 100 
cells per image were analyzed per strain (37). Error bars 
represent SE for at least three independent experiments. 

DNA microarray expression profiling 

Each mutant strain was profiled four times from two inde- 
pendently inoculated cultures and was harvested in early 
mid-log phase in synthetic complete medium with 2% 
glucose. Dual-channel 70mer oligonucleotide arrays were 
used, with a common reference wild-type RNA, hybridized 
in dye-swap. Wild-type cultures grown alongside mutants 
were processed in parallel and also hybridized in dye-swap 
versus the common reference wild-type RNA sample. After 
quality control, normalization and dye-bias correction 
(38), the replicate mutant profiles were averaged and stat- 
istically compared with a collection of 200 wild-type 
cultures, using Limma and Benjamini-Hochberg correc- 
tion as described in Lenstra et al. (39). The reported FC 
is the average of the four replicate mutant profiles versus 
the average of all the wild-types. Shown in the figures are all 
genes that change at least once significantly (P<0.05, 
FC > 1.7) in any single mutant. 

RESULTS 

Semi influences physical interaction of Susl with TREX-2 

Semi is a component of both the proteasome (40) and the 
COP9 signalosome (41,42). It has also been found to 



interact with TREX-2 components Sac3 and Thpl 
(42,43). More recently, the crystal structure of the Sac3- 
Thpl-Seml segment of the Saccharomyces cerevisiae 
TREX-2 complex has been solved (18). The small Semi 
protein wraps around the surface of Thpl and makes few 
contacts with Sac3 (44). To investigate whether Semi inter- 
acts with Susl, which happens for other TREX-2 subunits, 
Susl was TAP-purified, and the presence of Semi was 
analyzed. The western blot analysis using anti-Semi 
antibodies and the analysis of Susl -TAP eluates by 
MudPIT reveal that Semi co-purifies with Susl via 
standard TAP purification (Figure 1A). To better charac- 
terize the Susl -Semi interaction, its dependency on the 
presence of TREX-2 factors was also investigated. Figure 
IB shows that both TREX-2 subunits Sac3 and Thpl are 
required for the Susl-Seml association. These results 
suggest that the interaction between Susl and Semi 
might be indirect and could be mediated by other 
TREX-2 components. Although considerable biochemical 
and structural information on the TREX-2 complex is 
available, the relevance of Semi in the Susl association 
with TREX-2 has not yet been investigated. Interestingly, 
although Semi and Susl have been found to interact with 
different regions of the complex, absence of Semi destabil- 
izes the Susl association to TREX-2. Figure 1C and D, 
respectively, illustrates how Susl binding to Sac3 and 
Thpl is significantly reduced on Semi deletion. Thus, 
Semi influences the association of Susl with TREX-2, 
probably by stabilizing the complex or by promoting the 
assembly of the different subunits. The influence of Semi in 
Susl binding to TREX-2 prompted us to test whether Semi 
contributes to the role of Susl in mRNA export. 
Quantitation of the nuclear accumulation of poly(A) + 
RNA in relation to cytoplasm concentration showed a 
45% enrichment when SUS1 deletion was combined with 
SEMI deletion (Figure IE). Thus, the absence of SEMI 
enhances the mRNA export defect provoked by SUS1 
deletion, suggesting that they function independently to 
regulate mRNA export. 

Semi interacts functionally with SAGA 

Genetic and physical interactions between components of 
TREX-2 and SAGA in addition to Susl have been shown 
(45). For instance, mutants of SAC3 and THP1 are syn- 
thetic lethal with the deletion of SGF73 (46). To test 
whether SEMI is also genetically related to SAGA, 
double mutants bearing SEMI deletion were constructed 
in cells lacking GCN5, SGF73 and SUS1, respectively. As 
shown in Figure 2 A, absence of Semi leads to an enhance- 
ment of the poor growth exhibit by each single mutant, 
suggesting that these factors control the same biological 
function. Both Sac3 and Thpl co-purify with Ada2 (7,46). 
To answer whether Semi also co-purifies with SAGA, 
Ada2-TAP and UBP8-TAP were affinity purified 
from wild-type (wt) and semi A strains. As shown in 
Figure 2B, Semi co-enriches with SAGA subunits. 
Nevertheless, the purification of the SAGA complex in 
cells lacking SEMI did not show significant differences 
in the composition of the SAGA complex from wild- 
type cells (Figure 2C). Thus, Semi interacts genetically 
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Figure 1. Semi interacts physically with Susl and overlaps functionally during mRNA export. Semi alters Susl physical interaction with TREX-2 
but not with SAGA. (A) TAP purification of Susl TAP-tagged wild-type and semi A cells was performed. Presence of Semi within purified eluates 
was monitored by western blot using anti-Semi antibodies (top). Input levels of each protein before TAP purification were detected using anti-Semi 
and anti-TAP antibodies (bottom). Analyses of Susl-TAP eluates by MudPIT identified two matched Semi peptides with 40% sequence coverage. 
(B) Exponentially growing Susl-MYC (wild-type), Susl-MYC thplA and sac3A cells were lysed, and MYC-tagged Susl was immunoprecipitated 
from WCEs. Presence of Semi and levels of Susl-MYC bait protein were monitored in immunoprecipitated eluates (top) and inputs (bottom) using 
the anti-Semi and anti-MYC antibodies. (C) The TAP purification of Susl-TAP Sac3-MYC (wild-type) and Susl-TAP Sac3-MYC semi A cells was 
performed. Presence of Sac3 and Susl within the purified eluates was revealed using anti-MYC and anti-TAP antibodies (top). The input levels 
of each protein before TAP purification were detected using the aforementioned antibodies (bottom). (D) The TAP purification of Susl-TAP 
Thpl-MYC (wild-type) and Susl-TAP Thpl-MYC semi A cells was performed. Presence of Thpl and Susl within the purified eluates 
was revealed using the anti-MYC and anti-TAP antibodies (top). The input levels of each protein were detected using the aforementioned 
antibodies (bottom). (E) Analysis of nuclear mRNA export in susl A, semi A and suslAsemlA cells grown at 30°C in YP + glucose. The localization 
of poly(A) + RNA was assessed by in situ hybridization using Cy3-labeled oligo(dT) probes. Histogram representation shows the quantitative analysis 
of the mRNA export defect. Quantification of the cytoplasmic/nuclear fluorescence intensity ratio was performed. Values were plotted as an 
FC normalized with the mex67-5 ratio, and they were set a 100% export defect. Error bars represent standard error (SE) for at least three 
independent experiments. 
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Figure 2. Semi interacts genetically and physically with some SAGA subunits. (A) Wild-type, gcn5A, suslA and sgf73A single mutant cells combined 
with SEMI deletion were diluted in 10 -1 steps, and equivalent amount of cells were spotted onto YP + glucose and YP + galactose plates. Cells were 
grown for 48 h at 30°C. (B) The TAP purification of Ada2 and Ubp8 TAP-tagged wild-type and semi A cells was performed. The presence of Semi 
and levels of Ada2-TAP and Ubp8-TAP bait proteins were monitored in the purified eluates (top) and inputs (bottom) using the anti-Semi and anti- 
TAP antibodies. (C) The TAP immunoprecipitation of Ada2 and Ubp8 TAP-tagged wild-type and semi A cells was performed. TAP-purified protein 
complexes were TCA-precipitated, LysC/trypsin-digested and subjected to MudPIT by (Matrix-assisted laser desorption/ionisation-time of flight mass 
spectrometry) MALDI-TOF-MS. All the SAGA subunits were identified. The number of matched peptides indicates the number of peptides 
that match the full-length protein, whereas protein sequence coverage indicates the percentage of total protein covered by the matched peptides. 
(D) A network of the relationships among Semi, SAGA and TREX-2. Nodes represent mutated components. Edges between nodes are drawn if the 
correlation between the two signatures was >0.3. The thickness of the edge corresponds to the strength of the correlation. The network was 
generated using an edge-weighted, spring-embedded network algorithm (47). 
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and physically with SAGA, but it is dispensable for its 
biochemical integrity. 

In light of these genetic and physical interactions 
between Semi and SAGA, we further investigated the 
role of Semi in transcription. Thus, DNA microarray 
gene expression profile was generated for semi A and 
was compared with the profiles of the mutants in the com- 
ponents of TREX-2 and SAGA, all of which were 
generated identically (39). Supplementary Figure SI A 
shows a hierarchical cluster diagram of the color-coded 
profiles according to complex composition. The dendro- 
gram of similarities indicates that the gene expression 
changes observed in semi A correspond most closely to 
those of suslA. These profiles are also similar to the ex- 
pression changes observed in the mutation of TREX-2 
components THP1 and SAC3 (see Supplementary 
Figure SIB for all pairwise correlations). An unsupervised 
network recapitulates all these correlations and positions 
Susl as playing an intermediary role between SAGA and 
TREX-2 (Figure 2D). Interestingly, the semi A transcrip- 
tional profile also correlates with ada2A to a lesser extent. 
Moreover, our analyses show that the expression changes 
of semi A are enriched by genes with TATA-containing 
promoters with a P-value of <0.0025, these generally 
being SAGA-dominated genes (48,49). In summary, 
these results suggest that Semi plays a role in transcrip- 
tion in a similar manner to Susl. 

Semi is required for the induction of SAGA-regulated 
genes GAL1 and ARG1 

Our results suggest that Semi could play a role in the tran- 
scription of SAGA-dependent genes. Induction of SAGA- 
regulated genes, such as GAL1 and ARG1, has been shown 
to depend on Susl (7,50); thus, the requirement of Semi for 
the induction of both genes was also investigated. Figure 
3A shows that the induction of ARG1 by the addition of 
sulfometuron (SM) or GAL1 on a 25-min shift to galactose- 
containing medium does not reach the wild-type expression 
levels in cells lacking SEMI. To better follow the effect of 
loss of Semi on the GAL1 expression, GAL1 mRNA abun- 
dance was monitored during galactose induction at differ- 
ent time points. The absence of SEMI reduces GAL1 
induction after a shift to galactose (Figure 3B). In accord- 
ance with poor GAL1 induction, the cells lacking SEMI 
displayed a 3-fold depletion of RNA pol II at the GAL1 
promoter and in coding regions on the addition of galact- 
ose (Figure 3C). Thus, RNA pol II recruitment to GAL1 
diminished in those cells lacking SEMI. As expected with 
inefficient GAL1 induction, semi A mutant cells grew 
poorly on galactose-containing plates (Figure 3D). 
Interestingly, this phenotype was greatly enhanced by 
raising the growth temperature to 37° C (Figure 3D lower 
right), which correlated with a downregulation of the GAL1 
mRNA expression levels in semi A at that temperature 
(Figure 3E). 

Semi is required for SAGA integrity at the 
GAL1 promoter 

As shown earlier in the text, Semi is required for the 
expression of some SAGA-dependent genes. A 



straightforward explanation would be that SAGA compo- 
nents are not efficiently recruited to the GAL1 gene in 
semi A cells. To investigate this notion, the recruitment 
of several SAGA subunits, which are the components of 
distinct modules, was monitored. Recruitment of the com- 
ponents of the HAT/CORE (Ada2 and Gcn5), SATAF 
(Taf9), SA_SPT (Spt8) and the DUB (Susl) modules was 
analyzed. As shown in Figure 4A, the presence of HAT/ 
CORE subunits Ada2 and Gcn5 is significantly reduced in 
the absence of Semi. In addition to the poor recruitment 
of the HAT/CORE subunits, the presence of Taf9 
(Figure 4B) and Spt8 (Figure 4C) from SA TAF and 
SA_SPT, respectively, also diminished at GAL1 in 
semi A cells. However, the recruitment of Susl, to the 
same DNA region, was not significantly affected under 
similar conditions (Figure 4D). In summary, the ChIP 
results shown herein suggest that Semi influences SAGA 
integrity at the GAL1 promoter, but not Susl association. 

Semi influences SAGA-dependent deubiquitylation activity 

As shown earlier in the text, Susl was associated with 
GAL1 on the shift to galactose in semi A, whereas other 
SAGA subunits are absent. However, under our experi- 
mental conditions, we were unable to demonstrate 
whether Ubp8 recruitment to the GAL1 promoter was 
affected in absence of SEMI. Thus, we ought to investi- 
gate whether SAGA-mediated DUB activity at GAL1 was 
compromised. To monitor the in vivo H2B ubiquitylation 
status at the GAL1 promoter, real-time qPCR after 
ChDIP was performed. Figure 5A shows that the cells 
lacking SEMI displayed a 3 -fold enrichment of 
ubiquitylated H2B at the GAL1 promoter. Levels of 
ubiquitylated histone H2B correlated with the H3K79 
trimethylation status at the GAL1 promoter (51-54). 
Accordingly, H3K79 trimethylation levels abnormally 
increased at the GAL1 promoter on gene activation in 
semi A cells (Supplementary Figure S2). Hence, Semi is 
required for in vivo SAGA-mediated histone H2B 
deubiquitylation and for H3K79 trimethylation at the 
GAL1 promoter. 

The biochemical analyses shown in Figure 2C indicate 
that Semi is not necessary for SAGA integrity. However, 
at GAL1 promoter, Semi is required for SAGA-mediated 
deubiquitylation of H2B (Figure 5A). To further charac- 
terize whether the DUB module is partially inactive in 
semi A cells, in vitro H2B deubiquitylation assays, with 
the SAGA complex purified via Susl -TAP from wild- 
type and semi A cells, were carried out. As Sgf73 is 
required for SAGA DUB activity, Susl purified via TAP 
in sgf73A was used as a negative control (20,46,55,56). 
Figure 5B shows that SEMI deletion reduced in vitro 
H2B Susl -dependent DUB activity by decreasing in 
40% level of H2B-deUB. Moreover, the level of H2B- 
deUB is reduced in 60% when the complex was purified 
by Ubp8-TAP from semi A (Figure 5C and 
Supplementary Figure S3). Thus, these results indicate 
that Semi enhances SAGA-mediated histone H2B 
deubiquitylation activity in vitro. 
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Figure 3. Semi is necessary for the induction of GAL1 and ARG1. (A) ARG1 induction in wild-type, semi A and gcn4A cells was performed with 
addition of SM for 25 min. GAL1 induction in wild-type and semi A cells was performed by a shift from 2% raffmose to 2% galactose medium for 
25 min. Relative GAL1 and ARG1 mRNA levels were determined by qPCR and normalized to the SCR1 mRNA levels. Values were referred to each 
strain at the zero time point. Error bars represent SE for at least three independent experiments. (B) The time course analysis of GAL1 induction in 
wild-type and semi A cells for 120 min in the presence of 2% galactose. The relative GAL1 mRNA levels were normalized to SCR1. Values were 
referred to each strain at the zero time point. Error bars represent SE for at least three independent experiments. (C) GAL1 promoter and 5'-end 
RNA pol II occupancy was monitored by ChIP analysis in Rpb3-TAP (wild-type) and Rpb3-TAP semi A cells after 25 min of galactose induction. 
The RNA pol II occupancy level was calculated as the signal ratio from IP samples in relation to the input signal minus the background of a no- 
antibody control. The resulting normalized ratios were plotted. Error bars represent SE for at least three independent experiments. The qPCR primer 
sequences are provided in Supplementary Table S2. (D) Serial dilutions of wild-type and semi A strains were grown in glucose- and galactose- 
containing plates. Plates were incubated for 48 h at 30°C and 37°C. (E) Time course analysis of GAL1 induction in semi A cells at 30°C and 37°C for 
120 min in the presence of 2% galactose. The relative GAL1 mRNA levels were normalized to SCR1. Values were referred to the 30°C or the 37°C 
condition at the zero time point. Error bars represent SE for at least three independent experiments. 



TREX-2 is involved in enhancing SAGA-dependent 
deubiquitylation activity 

Semi affects the recruitment of different SAGA sub- 
units and enhances SAGA-mediated histone H2B 



deubiquitylation. Whether this is related to its role in 
stabilizing TREX-2 is unknown. To test whether the 
mutation in other TREX-2 subunit also lead to similar 
phenotypes, in vitro deubiquitylation activity, GAL1 
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Figure 4. Recruitment of certain SAGA subunits to GAL1 promoter depends on Semi. (A) Ada2 and Gcn5 (HAT/CORE) occupancy at the GAL1 
promoter was monitored by the ChIP analysis in wild-type and semi A cells after 25min of galactose induction. The occupancy level was calculated 
as the signal ratio of IP samples in relation to the input signal minus the background of a no-antibody control. The resulting normalized ratios were 
plotted. The input level of each protein was detected from the inputs by western blot using the indicated antibodies (bottom). (B) The Taf9 
(SA_TAF) occupancy at the GAL1 promoter was monitored by ChIP analysis in wild-type and semi A cells after 25min of galactose induction. 
The occupancy level was calculated as in A. The resulting normalized ratios were plotted. The input level of each protein was detected from the 
lysates as in A (bottom). (C) The Spt8 (SA_SPT) occupancy at the GAL1 promoter was monitored by ChIP analysis in wild-type and semi A cells 
after 25min of galactose induction. The occupancy level was calculated as in A. The resulting normalized ratios were plotted. The input level of each 
protein was detected as in A (bottom). (D) The Susl (DUB) occupancy at the GAL1 promoter was monitored by ChIP analysis in wild-type and 
semi A cells after 25min of galactose induction. The occupancy level was calculated as in A. The resulting normalized ratios were plotted. The input 
level of each protein was detected as in A (bottom). Error bars represent SE for at least three independent experiments. All the qPCR primer 
sequences are provided in Supplementary Table S2. 
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Figure 5. Semi enhances SAGA-mediated histone H2B 
deubiquitylation activity. (A) ChDIP of ubH2B under galactose induc- 
tion is shown. Wild-type and semi A strains bearing Flag-tagged H2B 
and HA-tagged ubiquitin were grown in raffinose and shifted to a gal- 
actose-containing medium for 90min. Eluted DNA was analyzed by 
qPCR. The ubiquitylated H2B occupancy at the GAL1 promoter was 
calculated as the signal ratio of IP samples in relation to the input 
signal minus the H2BK123R and H2BK123R semlA mutant strain 
signal, set as a background control. Error bars represent SE for at 
least three independent experiments. All the qPCR primer sequences 
are provided in Supplementary Table S2. (B) Susl-TAP wild-type and 
semi A cells were subjected to an in vitro deubiquitylation assay. The 
TAP purification of Susl TAP-tagged cells was performed, and native 
calmoduline eluates were incubated with purified histone H2B. Susl- 
TAP sgf73A was established as a negative control. (C) Ubp8-TAP wild- 
type and semi A cells were subjected to an in vitro deubiquitylation 
assay as in B. Sole purified histone H2B was incubated and used as 
a negative control. Error bars represent SE for at least three independ- 
ent experiments. Error bars represent SE for at least three independent 
experiments. 



induction and SAGA recruitment were investigated in a 
thpl A strain. As shown in Figure 6A, the absence of Thpl 
leads to a significant reduction of Ubp 8 -mediated DUB 
activity, similarly to that observed for Semi deletion 
(Figure 5C). Moreover, as observed for semlA, the 
absence of THP1 impairs GAL1 induction (Figure 6B). 
Finally, the ChIP experiments done to monitor recruit- 
ment of different SAGA factors to the GAL1 promoter 
in the wild-type and thpl A on the shift to galactose reveal 
that THP1 deletion decreased the correct recruitment of 
distinct SAGA subunits to the GAL1 promoter (Figure 6C 
and D). As it happens for sac3A (50), the presence of Susl 
is also compromised in the thpl A under the same condi- 
tions (Figure 6E). In conclusion, TREX-2 subunit Thpl is 



needed for a precise SAGA recruitment to GALL All in 
all, the data herein suggest that Semi influences the GAL1 
expression by a mechanism that interferes with SAGA- 
DUB-mediated activity and by stabilizing the TREX-2 
complex. 

DISCUSSION 

Semi is a versatile protein that functions in different 
cellular processes and interacts with several protein 
complexes, including the proteasome and TREX-2 
(41-43,57). However, its role in transcription regulation 
remains unknown. In this study, we demonstrate a novel 
role for Semi in the transcription of certain SAGA- 
dependent genes via their impact on SAGA recruitment 
and histone H2B deubiquitylation activity. 

It has been proposed that Semi serves as a molecular 
adhesive of small subcomplexes in larger molecular 
assemblies (41). Previous studies have shown that Semi 
forms part of TREX-2 and contributes to mRNA export 
(42,43,58). More recently, the work by Stewart and col- 
leagues (18) has reported the structural basis for the 
in vitro assembly of a portion of TREX-2-containing 
Semi. The structures solved to date show that Susl 
binds to Sac3, whereas Semi binds to Thpl 
(18,22,59,60). As expected from these data, our in vivo 
biochemical results confirm that the Susl association 
with Semi depends on both Sac3 and Thpl (Figure 1). 
Surprisingly, the absence of Semi leads to a reduction in 
Susl association with TREX-2, which suggests a more 
complicated pattern of interactions among different 
TREX-2 components than inferred from the structural 
analysis. Despite our knowledge having substantially 
improved in recent years, solving the TREX-2 complex 
structure, including all its subunits, to gain a better under- 
standing of its nature in vivo would be of much interest. 

TREX-2 is functionally connected to SAGA through its 
shared subunit, Susl, which plays roles in both mRNA 
export and transcription (7). The transcriptional profile 
data presented herein further support an intermediary 
role for Susl between SAGA and TREX-2. Along these 
lines, Semi is functionally closer to Susl than to other 
TREX-2 factors. The correlation between the transcrip- 
tional profiles of semlA as compared with the suslA, 
sac3A and thpl A profiles is 0.41, 0.32 and 0.32, respect- 
ively. Hence, it is conceivable that Semi and Susl are also 
linked in its function in transcription. The different 
analyses presented in the present work support a novel 
role for Semi in the transcription of SAGA-dependent 
genes. First, the DNA microarray data indicate an enrich- 
ment of the SAGA-dependent genes for semi A. Second, 
the induction of SAGA-regulated genes ARG1 and GAL1 
in the absence of SEMI is poor. Third, the GAL1 ChIP 
experiments demonstrate a poor recruitment of RNA pol 
II and several SAGA factors dependent on SEMI. A vast 
number of studies describe how GAL1 and ARG1 are 
regulated (61-64). The SAGA complex is targeted to the 
promoter of these genes, and they are induced through a 
series of distinct histone modifications (14,65). It is known 
that the control of histone H2B ubiquitylation levels is 
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Figure 6. The TREX-2 subunit Thpl influences SAGA-DUB-mediated activity. (A) Ubp8-TAP wild-type and thplA cells were subjected to an 
in vitro deubiquitylation assay. The TAP purification of Ubp8 TAP-tagged cells was performed, and native calmoduline eluates were incubated with 
purified histone H2B. Sole purified histone H2B was incubated and used as a negative control. Error bars represent SE for at least three independent 
experiments. (B) The time course analysis of GAL1 induction in wild-type and thpl A cells for 120 min in the presence of 2% galactose. The relative 
GAL1 mRNA levels were normalized to SCR1. Values were referred to each strain at the zero time point. Error bars represent SE for at least three 
independent experiments. (C) The Ada2 (HAT/CORE) occupancy at the GAL1 promoter was monitored by ChIP analysis in wild-type and thpl A 
cells after 25 min of galactose induction. The occupancy level was calculated as the signal ratio of IP samples in relation to the input signal minus the 
background of a no-antibody control. The resulting normalized ratios were plotted. Levels of the Ada2-MYC bait protein were detected from the 
inputs by western blot using the anti-MYC antibodies (bottom). (D) The Taf9 (SA_TAF) occupancy at the GAL1 promoter was monitored by ChIP 
analysis in wild-type and thpl A cells after 25 min of galactose induction. The occupancy level was calculated as in C. The resulting normalized ratios 
were plotted. Levels of the Taf9-MYC bait protein were detected from the inputs as in C (bottom). (E) The Susl (DUB) occupancy at the GAL1 
promoter was monitored and calculated as in C. The resulting normalized ratios were plotted. Levels of the Susl-MYC bait protein were detected 
from the inputs as in C (bottom). Error bars represent SE for at least three independent experiments. All the qPCR primer sequences are provided in 
Supplementary Table S2. 
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crucial for GAL1 regulation (24). In previous studies, we 
demonstrated that Susl is recruited to GAL1 and ARG1, 
and that it influences their expression by the role it plays in 
SAGA and TREX-2 (23,50). Here, we find that Semi is 
required for the assembly of certain SAGA subunits at the 
GAL1 promoter and for correct H2B deubiquitylation. In 
the light of these findings, an important question to 
answer is raised: whether this reduction in enzymatic 
activity is due to a direct effect of Semi on SAGA integ- 
rity or is the result of Semi's role in TREX-2. On one 
hand, Semi might have a direct role in influencing DUB 
activity by stabilizing the structural features within 
SAGA. In this sense, the structural similarities between 
the DUB module of SAGA and the TREX-2 complex 
have been reported (66). On the other hand, by stabilizing 
TREX-2, Semi might influence the SAGA-DUB inter- 
action which, in turn, activates Ubp8. To support this 
model, the direct partner of Semi in TREX-2, Thpl, is 
also required for the transcription of GAL1, the recruit- 
ment of certain SAGA subunits to chromatin and for 
in vitro H2B DUB activity (Figure 6). All in all, we 
cannot exclude the possibility that Semi controls 
other(s) factor(s) or signal(s) that influence the cross-talk 
between SAGA and TREX-2 to activate GAL1 expres- 
sion. It is worth to note that the ChIP analyses shown 
here indicate that the HAT/Core components Gcn5 and 
Ada2 are poorly recruited in the absence of Semi. Thus, 
the hypothesis that Semi could affect the expression of 
GAL\ not only by decreasing the deubiquitylating 
activity of SAGA but also by strongly affecting the 
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Figure 7. Schematic drawing showing the role of Semi in SAGA-de- 
pendent transcription. Semi interacts with TREX-2 and it is necessary 
for stabilization of the complex at the NPC. At the GAL1 gene 
promoter, recruitment of certain SAGA subunits is influenced by the 
presence of Semi. Notably, Semi enhances the SAGA-dependent 
deubiquitylation activity, both in vivo (dash line) and in vitro. 
Whether Semi associates to SAGA at the NPC level remains unknown. 



recruitment of the acetylation module is an interesting 
open question that requires further work. 

Seml/DSSl has been described as a multitasking organ- 
izer of PCI/MPN minicomplexes (41). These minicom- 
plexes could incorporate into larger complexes either 
with or without the presence of Semi. Following the 
idea that Semi might serve as a facilitator of larger 
complexes assembly/interactions, and considering that 
TREX-2 subunits co-purify with SAGA, it is tempting 
to hypothesize that Semi helps assemble and stabilize 
the interactions between these two complexes (Figure 7). 
Remarkably, all the complexes linked to Semi are related 
to deubiquitylating enzymes either directly or indirectly. 
Future work addressing the intimate link between Semi 
and the ubiquitin system will be of much interest for dif- 
ferent research areas. 

In summary, these results support a model of concomi- 
tant SAGA recruitment, TREX-2 stabilization and DUB 
activation to induce SAGA-regulated gene GALL A chal- 
lenge for future studies is to decipher how each complex 
and their submodules act in concert and how general this 
scenario is. 
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Supplementary Data are available at NAR Online: 
Supplementary Tables 1-3 and Supplementary Figures 
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